In this paper we show that integrated environmental modelling (IEM) techniques can be 13 used to generate a catastrophe model for groundwater flooding. Catastrophe models are 14 probabilistic models based upon sets of events representing the hazard and weights their 15 likelihood with the impact of such an event happening which is then used to estimate future 16 financial losses. These probabilistic loss estimates often underpin re-insurance transactions. Berkshire Downs in the UK. Although there is extra effort required to make models linkable 50 once a linked modular catastrophe model has been constructed, several advantages can be 51 gained, for example an increased flexibility by allowing for the interchange of compatible 52 components. Linked modelling can facilitate both an improved understanding of and better 53 insight into the interactions between model components, in part because of the need to 54 fully document and define the models and datasets being exchanged between components. 55 56 This paper will firstly look at flooding in the UK and UK insurance policy; we will then discuss 57 how the insurance industry use catastrophe models to improve loss calculations and how 58 IEM modelling methods and techniques could be adopted to generate catastrophe models. 59
The second part of the paper will work through a case study example of groundwater 60 flooding in the Marlborough and Berkshire downs. 61
ii. Flooding and the UK Insurance industry 62
Unlike many other countries, in the UK, the majority of domestic and business flood damage In the example used in this case study; the risk is primarily of Type 1 resulting from 89 extremely high intensity and/or long duration rainfall. Catastrophe models are stochastic, event-set based computer models, which allow the 135 potential for large losses from an insurer's current exposure (usually property assets) to be 136 tested by subjecting them to many (e.g. 10,000) events representing scenarios for a hazard 137 within a peril-region (e.g. 'UK flood') and are used to estimate the location, impact and 138 The 'Hazard' module provides the frequency, intensity and areal extent of events, usually as 163 spatial intensity maps (i.e. contoured footprints of severity), each associated with a 164 probability of occurrence within the next year. For model users (e.g. insurers, brokers), this 165 exists as a static database supplied in whichever product they are using. For model 166 developers, calculations to generate the event set may also be included. The 'Vulnerability' 167 module converts hazard into physical impact, typically via vulnerability (a.k.a. fragility) 168 curves linking hazard intensity (e.g. flood depth) to loss as a percentage of the total insured 169 value of a property. To achieve this, exposure information is input and losses for every 170 property evaluated for every event; therefore, the locations of exposure are critical in 171 calculating loss. Modifiers are used to improve the accuracy of the impact assessment by 172 indicating which variants on the main vulnerability curves could be used for each exposure. 173
Modifiers may include: building construction (e.g. stone, reinforced concrete), number of 174 stories, style of occupancy (e.g. residential, commercial), and year built. Lastly, the 175 'Financial' module calculates losses by using policy information, primarily the sum the 176 property is insured for. This also uses other information such as limits, deductibles, or 177 treaties that determine who to assign these losses to: financial perspectives e.g. ' weaknesses of the catastrophe models the company are using, to be aware of potential 262 gaps and quality differences in the company's catastrophic risk modelling landscape, to 263 actively seek the levels of information and detail they need to feel comfortable with taking 264 decisions and finally to ensure that the proper policies and procedures for doing so are in 265 place (ABI 2011). The onus is therefore on the insurance company to understand the 266 limitations of the catastrophe models that it uses, the differences between model outputs 267 and actual loss experience and how the results of their modelling impact the company's 268 internal model for SCR calculation (ABI 2011). 269
iv. Integrated Environmental Modelling (IEM)

270
Due to the modular paradigm typically used in catastrophe models as discussed above it is 271 relatively simple to see how an IEM approach could be successfully adopted. There is an increasing recognition that it is not practical to construct one large monolithic 294 model which can capture all of the earth-system processes needed for decision making 295 (Argent 2006). Large models are not only wasteful of resources, rarely reusable and difficult 296 to understand but they fail to make use of existing process models (Moore and Hughes 297 2010). IEM methods can be used to make existing numerical models into components or 298 'building blocks' that can be assembled or linked together to make more complex models 299 be made widely assessable to a large user community (Knapen et al. 2013 ). The choice 308 between modelling frameworks is largely dependent on the project being undertaken and 309 the researchers involved (Knapen et al 2013) . Linking models to enable individual models toconduct a simulation collectively is challenging (Bulatewicz et al. 2010). These difficulties can 311 be due to a variety of reasons; for example, it could be how the models have been designed, 312 the programming language or the spatial and temporal discretisation used. A further issue 313 is that of using components based on a consistent set of assumptions, although this is a 314 challenge, whether one uses a monolithic or componentized approach, in the latter case this 315 issue must be addressed if components are going to be interchanged. In situations where 316 there is a need to link models together, it is advantageous to use a standard protocol, as it 317 promotes collaboration and reuse of the individual model components (Knapen et al. 2013) . 318
319
In this paper we have developed a linked groundwater catastrophe model. However, linking 320 hydrological models to economic models has been done previously in various ways over a 
a. Constructing a groundwater catastrophe model for the Marlborough and 419
Berkshire Downs 420
To create a simple catastrophe model for groundwater flooding in the Marlborough and 421
Berkshire Downs study area, individual models were linked together using OpenMI. We 422 will firstly describe how we make the models compliant and then link the following 423 seven components:
MaBSWeC model, FloodDepth, EventDatabase, Hazard, 424
Vulnerability, Exposure and Loss. This process is described in more detail below and the 425 components are summarized in Table 1 and as illustrated in Figure 2  426 To make our models OpenMI compliant the models have to comply with three 427 run-time must be explicitly defined see Table 1 ; note that the linking process creates the 452 appropriate cross-reference table negating the need to synchronize terminology. Once this 453 is completed we then tested each component to check that it worked correctly, this was 454 done using the NUnit test tool (http://www.NUnit.org). In this example where we are re-455 using a pre-existing groundwater model, the preparation of the OpenMI composition took 456 around 100 hours. This includes coding the 6 additional components, making all of them 457
OpenMI compliant, and linking the models and other components together (see figure 2) . groundwater flow models that were combined into the 'MaBSWeC Model' for the studyarea. Recharge is water entering the groundwater system; it descends through the soil, then 482 through the underlying unsaturated zone, until it arrives at the top of the saturated zone, 483 the 'water table'. Groundwater flow is water flowing in the saturated zone, from areas of 484 high hydraulic head to low ones. Where it meets the land surface, it discharges. In the UK 485 the significant discharges are rivers, springs and points at which water is abstracted for 486 domestic and industrial supply purposes. The models and the data used to drive them are 487 described in more detail below. Groundwater heads across the area are computed at daily intervals in the 'MaBSWeC 515 model' component (Fig. 2) . The 'FloodDepth' component (Fig. 2) compares these to the 516 DEM used consistently in all models (e.g. CEH-DTM; Morris and Flavin, 1990), creating daily 517 maps of flooding and its depth whenever water height breaches the land surface. This 518 assumes that the surface water system is static and does not flow down topographic 519 gradient. Depths are set to zero where surficial clay deposits (Figure 4 ) are known to act as 520 barriers which rule out groundwater flood events in those areas. 521 522 Next, the 'EventDatabase' component identifies flood events, assigning them a number and 523 probability 1/33 (once in 33 years). Groundwater flooding events are defined when the 524 groundwater level produced by the model was within 0.1 m of the ground surface for at 525 least one month. Given the differences in resolution of the groundwater model and the 526 DEM then the groundwater level was averaged for a groundwater model grid node (2 km by 527 2 km) and to allow for the variation of ground surface then a tolerance of 0.1 m was used. 528
The start and end period of the event was identified from the flood maps produced by the 529 'FloodDepth' component. In all 33 events were identified, coincidentally the same as the 530 year of the run. As all occurred in 33 years, and were given equal likelihood specifically a 1 in 531 33 event probability. The final component of the hazard module is 'Hazard', which creates 532 hazard maps of the maximum flood depths attained during each event. This intensity 533 for all properties affected by each event are firstly summed to get an 'event loss table' of 540 losses per event, and then OEP curves (e.g. Grossi 2005) are generated. Secondary 541 uncertainty, the uncertainty in losses given that an event has occurred, is not considered. 542 Table 1 details the components and data exchanged between them. 543 
b. Model Evaluation 549
Catastrophe models are used in decision-making and as such it is essential that we establish 550 our confidence in the output of such models to justify their continuing use while recognising 551 their limitations (Bennett et al 2013). In a linked modelled system the models must be 552 validated not just as single standalone models but also when they are linked together, to 553 check that, when executed as a collective model, the results are still feasible. This is a 554 particular issue when using simulated data from one model as input data into another 555 
composition. 619
By choosing to vary recharge and hydraulic conductivity we can develop five different 620 instances of the groundwater flow model (MaBSWeC model) and these can be combined 621 with two vulnerability components. This results in seven different components which can 622 be readily interchanged within the composition. This approach has been used to undertake 623 a sensitivity analysis which combines parameter uncertainty (recharge derived from rainfall 624 and hydraulic conductivity) combined with type of housing. Whilst it could be argued that 625 parametric uncertainty can be dealt with in a conventional modelling system, this is a proof 626 of concept and the different components could easily be groundwater models that exhibit 627 fundamental differences (i.e. finite difference vs finite element). The important outcome is 628 that the composition can be re-run to generate the loss information as discussed below. 629
630
The insurance industry standard representations of likely loss information are expressed as 631 annual average loss (AAL) and occurrence exceedance probability (OEP) curves. Grossi et al. 
652
On average, one event per year and £2.5M of damages are expected, with worst cases being 653 above £3.6M. Therefore, attritional losses (i.e. losses from high frequency, low severity 654 events) appear to dominate over discrete, devastating events but this in all likelihood 655 reflects the limited time-series and spatial region considered. Tail-end (i.e. high impact, low 656 probability events) groundwater losses will probably be driven by higher return period 657 rainfall (recharge) scenarios causing correlated flooding at sites separated by length-scales 658 of up to ~100s of km across the UK; 2000/1 groundwater flooding occurred in Oxford, 
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